Abstract-This study investigated changes in the coordination patterns of shoulder muscles and wheelchair kinetics with different propulsion techniques by comparing wheelchair users' self-selected propulsion patterns with a semicircular pattern adopted after instruction. Wheelchair kinetics data were recorded by Smart on an ergometer, while EMG activity of seven muscles was recorded with surface electrodes on 15 able-bodied inexperienced participants. The performance data in two sessions, first using a self-selected and then the learned semicircular pattern, were compared with a paired t-test. Muscle coordination patterns across seven muscles were analyzed by principal component analysis. The semicircular pattern was characterized by significantly lower push frequency, significantly longer push length, push duration and push distance (p < 0.05, all cases) without a significant increase in push force, when compared with the self-selected pattern. In addition, our results show that in the semicircular propulsion technique, synergistic muscles were recruited in distinct phases and displayed a clearer separation between activities in the push phase and recovery phase muscles. An instruction session in semicircular propulsion technique is recommended for the initial use of a wheelchair after an injury.
I. INTRODUCTION

I
NDIVIDUALS undergoing treatment for a spinal cord injury (SCI) learn to use a wheelchair as soon as they are stable and able to sit up without complications. However, the use of a wheelchair, which is intended to restore mobility, is not without risk. Upper limbs of wheelchair users are subject to unnatural loading conditions and repetitive use. Over time, the shoulder joints and especially the rotator cuff (shoulder) musculature of manual wheelchair users (MWU) deteriorate, which leads to a painful condition that is difficult to treat surgically. A possible link between wheelchair propulsion and upper limb injuries has been the subject of many studies [1] - [6] . Suitable propulsion mechanics are important in preventing injuries and maintaining comfort during locomotion. Moreover, ineffective biomechanics can decrease the economy of wheelchair operation and lead to excessive metabolic and cardiopulmonary demand [7] .
One recommendation to patients in the "clinical practical guidelines for the preservation of upper limb function following spinal cord injury" is that for each propulsion stroke their hands move in a semicircular pattern and continue below the pushrim in the recovery phase [8] . It has been reported that such a semicircular motion achieves a lower push frequency and more mechanically efficient propulsion and thus may reduce trauma to the upper extremities in wheelchair users [9] , [10] . Studies with other practice programs showed that able-bodied subjects who were instructed to find their own comfortable wheelchair propulsion technique also improved their the kinetic variables (push frequency, push time, and cycle time) and gross mechanical efficiency [11] - [13] . For our study, a short propulsion instruction session was designed to compare the semicircular technique with a self-selected technique in terms of wheelchair biomechanics, particularly shoulder muscle coordination patterns. The shoulder consists of several joints and multiple muscles attached to these joints. Precise muscle activation timing/amplitude and the balanced interaction of multiple muscles during wheelchair propulsion are important for maintaining shoulder joint stability [14] .
A variety of models have been used to investigate shoulder muscle activity, including inverse dynamics, static optimization, musculoskeletal models exploring different propulsion conditions including the work of Rankin et al. [14] , Bregman et al. [15] , and Guo et al. [16] . Kinetic real-time biofeedback has been used to improve wheelchair propulsion [17] , [18] . Push frequency (push/second), speed, and push length (in degrees, hand-on to hand-off on the pushrim) are used to give visual feedback during wheelchair propulsion. Training sessions with visual feedback in both able-bodied and experienced wheelchair users lead to an improvement of wheelchair propulsion [19] . It is thus desirable to refine supporting technologies and MWU training protocols so as to give each patient biofeedback that is as direct, detailed, and comprehensive as possible. With enhanced feedback it will then be possible to draw on the collective experience of individuals to define safe muscle coordination. What can be refined at the technical end are the ways in which we evaluate muscle activity. EMG profiles have served to identify activation timing and amplitude for individual muscles [20] , [21] . However, only a limited description of the potential complexity of EMG patterns has been achieved [10] , [22] , especially when analyses of EMG activity across several muscles are to be performed. We propose an approach based on a combined use of wavelet analysis and principal component analysis (PCA) aimed at identifying functional patterns of coordination in the form of synergies or coordinative structures, and apt to distinguish functional patterns from purely random variations. EMG signals were decomposed by a well-defined wavelet analysis [23] , which allowed us to identify the timing and amplitude of individual muscle activity during each propulsion cycle. Different propulsion techniques were to be related to specific muscle coordination patterns. PCA analysis was then used to capture the most relevant features of the EMG activation patterns that describe and compare the muscle coordination patterns synthetically. It was hypothesized that when viewed within the PCA paradigm, the different propulsion techniques would show distinct patterns of muscle recruitment. Integrated with kinetic measurement, each propulsion cycle could be analyzed with respect to the global patterns of muscle coordination.
Able-bodied subjects were recruited in the current study to provide a more homogenous subject group than could be achieved with wheelchair-dependent participants in the early stages of rehabilitation [13] . Although the results may not be completely transferable to people with SCI, the information will help in designing a brief wheelchair propulsion instruction session for newly injured patients and provide evidence to support instructional sessions for appropriate propulsion techniques intended to decrease the risk of shoulder injuries in persons with SCI. So far little instruction is given to patients with respect to the proper propulsion techniques that would reduce these risks. Our hope is that a short session of wheelchair technique instruction in the proper propulsion technique would result in biomechanically more economical wheelchair propulsion and a better coordinated muscle recruitment pattern of the shoulder muscles, likely resulting in less upper extremity injury/pain.
II. METHODS
A. Participants
Fifteen able-bodied volunteers (eight males, seven females, age: years, weight: kg) participated in this study. They all gave their informed consent in accordance with the procedures approved by the University of Alberta Ethics Committee. None reported any previous history of upper extremity pain or any neuromuscular disorder. None of the subjects had used a wheelchair in any prior instance.
B. Surface Electromyography
Surface electromyographic (sEMG) activity of upper extremity muscles was recorded using parallel-bar EMG Sensors (DE-3.1 double differential sensor, 1 mm in diameter and separated by 10 mm, Bagnoli, Delsys Inc., Boston, MA, USA). sEMG signals were detected on seven muscles: anterior deltoid (AD), middle deltoid (MD), posterior deltoid (PD), sternal head of the pectoralis major (PM), upper trapezius (UT), biceps brachii (BB), and triceps brachii (TB) on the right shoulder after removal of the hair and cleaning with alcohol swipes. The EMG signals were sampled at 2000 Hz and recorded with a 16 bit analogue-to-digital converter (NI PCI-6220, National Instrument Inc., Austin, TX, USA). Sensor placement was confirmed by testing elevation (anterior, middle, and posterior deltoid), external rotation (upper trapezius and posterior deltoid), internal rotation (pectoralis major), and arm flexion (biceps and triceps).
C. Kinetic System
The SMART (Three Rivers Inc., LLC, Mesa, AZ, USA) was used for the collection of kinetic data. The SMART is a modified magnesium alloy wheel capable of measuring three-dimensional forces and moments occurring at the pushrim. Kinetic data were collected at 240 Hz. The kinetic system was synchronized with the EMG data acquisition system. The test wheelchair with a standard foam cushion was fitted with a SMART on the right side and mounted on an instrumented roller ergometer, which connected to a monitor placed in front of the participant to provide visual speed feedback. The ergometer consisted of two independent steel cylindrical rollers, one for each wheel, supported by pillow-block bearings (NSK P208, Japan). The bearings were mounted to steel channels. Total rolling resistance of the ergometer was 32.4 Newton.
D. Procedure Maximum Voluntary Isometric Test
Prior to the collection of propulsion data, EMG activity was recorded during maximum voluntary isometric contraction (MVC) to normalize the EMG signal collected during wheelchair propulsion. Participants were seated in a stable chair (not a wheelchair) during the MVC tests. After a 2-5 min warm-up, a total of four muscle tests were performed following the methods described by Boettcher [24] and Kelly [25] . Resistance was applied by the wrist attachment to a force transducer (Model LCCB-1K, OMEGA Engineering, Stamford, CT, USA). During the contraction, participants were provided with visual feedback of their performance on a computer monitor displaying their force trace and raw EMGs. LabVIEW (Version 8.5, National Instrument Inc., Austin, TX, USA) was used for signal recording and participant feedback. The test order was block randomized. Each contraction was performed for 8 s with a gradual increase of contraction over 2 s, a sustained maximum for 5 s, and a gradual release over the final second. Two repetitions of each test were performed, with a minimum rest interval of 2 min between repetitions. A minimum 5 min rest period preceded each new test posture.
1) Anterior deltoid, middle deltoid, and posterior deltoid: Elevation at 90 of scapular elevation and of humeral rotation, resistance was applied above the wrist. 2) Upper trapezius: 125 shoulder flexion as resistance was applied above the elbow, the participant sat in an erect posture with no back support. 3) Pectoralis major: internal rotation at 0 of scapular elevation and neutral humeral rotation, arm was adducted as resistance was applied at wrist. 4) Triceps: 90 shoulder abduction, full internal rotation, 90 elbow flexion, arm was extended as resistance was applied at wrist.
E. Wheelchair Propulsion on Ergometer
Participants were given several minutes to get used to propelling the test wheelchair (Quickie GP, Sunrise Medical, Longmont, CO, USA), with 56-cm-diameter rear wheels, 13 cm polyurethane front wheels, 41 cm seat width, 41 cm seat depth, 0 camber angle, on the ergometer and to establish a comfortable propulsion technique. Data were initially recorded at a speed of 0.9 m/s for 1 min during propulsion with a self-selected technique. Then the participants were advised to apply a semicircular propulsion technique as demonstrated and then practiced with the help of an instructor. The semicircular technique is recognized by the hands falling below the pushrim in the recovery phase. Participants were given ample time to become acclimated to this technique prior to data collection. A second set of data was then recorded with this semicircular technique at a speed of 0.9 m/s for 1 min.
F. Data Analysis
For this study, the onset of propulsion was defined as the point at which a propulsive moment was applied to the Smart , and the end of propulsion was defined as the point at which the moment returned to zero. The recovery phase was defined as the end of propulsion to the next onset of propulsion, when the Smart moment was zero. The time base of the propulsion cycle was normalized to 100% to facilitate the comparison across participants.
The Smart examines manual wheelchair use by analyzing each push cycle on the pushrim. For each participant, 10 continuous cycles in the self-selected and semicircular technique were used for kinetic data analysis. The key kinetic variables calculated were mean resultant force , mean tangential force , and mean moment . The resultant force is the total force applied to the pushrim. The tangential force is the force directed tangential to the pushrim. Mechanical effectiveness (ME) was calculated by . is the moment acting to cause forward motion. Peak negative and peak negative are the peak resultant force and propulsive moment to brake the wheelchair. In addition, the output of the Smart was used to determine the push frequency (number of pushes per second), push length (length of "hand-on" to "hand-off," in degree), and push time (time of each individual push, second) were determined. The propulsion power output (PO) was calculated as where is the measured propulsion moment applied to the pushrim, is the propulsion speed, and is the pushrim radius ( m).
G. Wavelet and Principal Component Analysis of the EMG Signal
All signal processing was performed using custom programs written in Mathematica (ver. 6.0, Wolfram Inc., Champaign, IL, USA). The EMG signals were resolved into intensities in timefrequency space using wavelet techniques [23] . The method has been described in detail in previous papers [26] - [28] . A filter bank of 11 nonlinearly scaled wavelets was used, index by , with center frequency, , ranging from 7 Hz (wavelet 0) to 350 Hz (wavelet 10). The first wavelet of EMG covered a frequency band of 0-10 Hz, which is typically associated with movement artifacts. We reduced the effects of movement due to dynamic contractions by excluding the first wavelet from further analysis. The intensities from the remaining wavelets (10-350 Hz, ) were summed to give the total EMG intensity, and this will be referred to as simply the EMG intensity. The EMG intensity is a measure of the time-varying power within the signal and is equivalent to twice the square of the root mean square. The EMG intensity for each participant from the maximum voluntary contraction (MVC) was calculated and used to normalize the EMG intensities for the respective participants during wheelchair propulsion.
The EMG intensities were synchronized with the kinetic data and then were interpolated to 100 evenly spaced points for each propulsion cycle (1%-100% cycle). The EMG intensities from all seven muscles were used to construct grids that define the muscle coordination pattern for each propulsion cycle.
. PCA was applied to the set of 1604 propulsion cycles (977 cycles from a self-selected technique, 627 cycles from the semicircular technique), and a few of the most significant components were interpreted. The principal components (PCs) were calculated from the covariance matrix of the dataset matrix without prior subtraction of the mean data, so the PCs describe the components of the entire signal. Instead of averaging or selecting typical cycles, PCA classifies quantitatively the coordination patterns recorded across muscles and cycles by giving PC weightings and loading scores. The weightings of each PC were given by the eigenvectors of covariance matrix B, and the PC loading scores (eigen-values) were calculated from , the product of the transpose of the weighting matrix and matrix A. The sets of component coordination patterns across muscles are represented by PC weightings, whereas the loading scores define how much of each component coordination pattern is present in the individual propulsion cycles. The first PC weightings represent the most common patterns across cycles, participants, and conditions (Fig. 1) . The variations between conditions, participants, and cycles are explained by the other PCs (Fig. 1) .
Although the full dimensionality of the data is retained by the analysis, it is often the case that a large percentage of the total variance in a dataset is explained by the first few principal components. Instead of retaining all of the initial variables, only a smaller, transformed version of those variables is retained. PCA decomposes EMG activation patterns into a small set of basic patterns that capture the most relevant features of the original EMG activation patterns across muscles such that the original data could be reconstructed from the compressed representation. The EMG intensities during self-selected propulsion sessions versus semicircular propulsion sessions could be reconstructed from the sum of the products of the PC weightings and their loading scores for each propulsion cycle. The mean coordination for each session was reconstructed using the first 10 PCs that describe the major features of the coordinated pattern (more Fig. 1 . Weightings of PC1, PC2, and PC3. PC1 explains 25.3% of the overall coordination patterns. PC 2 and PC 3 explain 8.0% and 6.0% of the overall coordination patterns, respectively. Time base of propulsion cycle was normalized to 100% with push phase denoting hand-on-hand-off moment of the pushrim. than 50% of the signals). When the patterns are reconstructed for self-selected technique and semicircular technique, the resulting PC weightings and loading scores are positive or negative. Positive vector products of weightings and loading scores indicate relatively more muscle activity within the common activity, negative vector products indicate less muscle activity.
A threshold (10% MVC) was computed for each muscle and each subject to determine the onset and cessation of EMG activity [29] . The onset of EMG activity was defined as the time when the EMG intensity remained above the threshold. The cessation of the EMG activity was defined as the time when EMG intensity remained below the threshold level. The duration of EMG activity was then calculated as the time difference between the onset and cessation of the EMG activity. The results are reported as percentage of cycle (% cycle).
III. STATISTICAL ANALYSIS
Statistical analysis was performed using SPSS (SPSS 16, SPSS, Inc., Chicago, IL, USA). The Kolmogorov-Smirnov test (K-S) and Shapiro-Wilk (S-W) test were performed first to confirm data normality. Paired tests were conducted to test for significant differences on the kinetic variables, EMG onset, cessation, duration, and average intensity between the two sessions. General linear model ANOVAs were used to test for significant differences in PC1 to PC7 loading scores between propulsion techniques with participants as a random factor. Significant level was set at for all statistical procedures.
IV. RESULTS
A. Kinetics Variables
No significant differences were found in the pushrim forces and moments (Table I ). The semicircular technique did not lead to a change in mechanical effectiveness . There were significant differences in push frequency, push length, push time, and push distance ( for all comparisons). The push frequency was significantly lower in the semicircular technique than in the self-selected technique, while the push length, push time, and push distance were significantly longer in semicircular than in the self-selected technique. When the propulsion cycles were normalized into a 100% cycle, the normalized %push phase and %recovery phase were similar between the two techniques, with the push phase extending to the first 40% and the recovery phase to the remaining 60% of the propulsion cycle (Table I) .
B. Muscle Activity
No significant differences were found in the amplitude of EMG intensity in the seven tested muscles between two sessions (Table II) . To compare total EMG intensity for each condition, the average total muscle intensity from all measured muscles were calculated (Table II) . The onset, cessation, and duration timing of EMG activity for AD, PM, BB, and TB were similar between the two sessions. UT and PD displayed significantly earlier onset and cessation of EMG activity in the self-selected technique than in the semicircular technique ( both cases). MD showed a significantly earlier cessation and shorter duration of EMG activity in the self-selected technique than in the semicircular technique (Table II) . PC1, PC2, PC3, PC5, PC6, and PC7 loading scores were significantly different between the two sessions (Table III) . Fig. 1 shows the weightings of PC1, PC2, and PC3. The EMG intensities were reconstructed from the sum of the products of the PC weights and their loading scores for each cycle, using the first 7 PCs (more than 50% of the signals), that describe the major features of the coordination (Fig. 2) . PC1 weighting explains 25.3% of the overall coordination patterns. PC1 weightings were positive for all muscles and all time points, and so this component represents a general coordination pattern between the muscles. PC2 explains 8.0% of the signal. PC2 contained both positive and negative weightings (Fig. 1 ) and loading scores (Table III) , illustrating that coordination patterns can vary and different coordination patterns are represented by the relative loading scores of the different components coupled to their weightings. Mean PC2 loading scores of semicircular technique (627 cycles) are positive, whereas mean PC2 loading scores of self-selected technique (997 cycles) are negative (Table III) . Reconstructed with positive PC2 loading scores in semicircular technique, PC2 components show relatively more muscle activity of AD, PM, and BB during the push phase (0%-40% cycle) and relatively more muscle activity of UT, MD and PD during recovery phase (60%-100% cycle). Conversely, components show a relative decrease in AD and PM activity around the time of palm strike coupled with more focused bursts of activity in UT, MD, and PD during the recovery phase. Mean PC3 loading score is negative for self-selected technique, the reverse of these effects occur. Time base of propulsion cycle was normalized to 100% with push phase denoting hand-on-hand-off moment of the pushrim.
V. DISCUSSION
A. Wheelchair Kinetics
Propulsion force, moment and stroke power variables showed no statistically significant difference between two sessions. De Groot et al. [13] also observed that the forces generated at the pushrim do not vary by propulsion technique, as propulsion techniques differ from each other during recovery not during propulsion. Kwarciak et al. [10] reported no statistically significant difference in propulsion forces between four wheelchair propulsion techniques, and that double loop (DL) and semicircular techniques generated the best combinations of pushrim biomechanics.
The changes in push length, push frequency, push time, and push distance appear to be interconnected. The longer push length is attributed to the reduction of push frequency. The push frequency decreased significantly in the semicircular technique. De Groot et al. reported a further reduction of push frequency after three weeks practice [12] . Boninger stated a relationship between push frequency and impaired median nerve function, an increased push frequency was significantly related to lower median amplitude [30] , [31] . In addition, Goosey et al. reported that the push frequency had an effect on pushing economy, with lower push frequency being associated with greater pushing economy [32] . A high push frequency leads to more shifts in deceleration and acceleration and inertial moments of the limb segments. For the same distance travelled, a lower push frequency leads to fewer de/accelerations of the arms and consequently less muscle activity, possibly reducing the demand and hence fatigue of the rotator cuff, so maintaining stability of the humeral head.
B. Muscle Recruitment Patterns: Self-Selected Propulsion Technique Versus Semicircular Propulsion Technique
By using EMG, two muscle synergies have been identified during wheelchair propulsion, namely push phase synergy and recovery phase synergy [21] . The push phase synergy is dominated by the anterior deltoid (AD), pectoralis major (PM), and biceps brachii (BB) [20] , [21] , whereas upper trapazius (UT), middle deltoid (MD), and posterior deltoid (PD) have their primary activity during the recovery phase. In the propulsion phase the participants are required to follow the path of the pushrim, whereas in the recovery phase the subjects can choose among many paths to return the arms and hands to the initial push position [5] . For the semicircular path, participants were instructed to start with the arms behind the body to apply long strokes during the semicircular motion of wheelchair propulsion. Muscle activation level, timing and coordination play a significant role in the amount of muscle activity used during a propulsion cycle. Examination of the reconstructed coordination patterns for self-selected and semicircular technique revealed technique dependent differences (Fig. 2) . The increase in push length in semicircular technique is associated with an increased activity of BB and AD. EMG onset of the recovery muscles, PD, MD, and UT was shifted into the push phase in the self-selected techniques, whereas in the semicircular technique, muscles were recruited in distinct phases and displayed a clearer separation between activities in the push phase and recovery phase muscles. The early EMG onset of the recovery phase muscles in the late push phase might be related to the shorter push length and smaller initial contact angle during self-selected propulsion session. The initiation of contact angle was closer to the top dead center in the self-selected technique than in the semicircular technique as recorded in the kinetic system, which reduced the activation level of propulsive muscles, AD, PM, and BB at the initial push phase (0%-20% cycle). When the hand had advanced beyond top dead centre, humeral flexion and external rotation motions were decelerating, at this time in the propulsion cycle recovery muscles became active. With normalization to a relative 100% cycle, the smaller initial contact angle and shorter push length can be attributed to the early onset of the recovery muscles.
Positive or negative weighting of PCs 2-4 in Fig. 1 denote either positive or negative contributions of those PCs to the coordination pattern for a specific condition. PC 2 loading scores were significantly different between two sessions, which explains the differences in two ways: timing of muscle recruitment and level of muscle activation. In the semicircular technique, mean positive PC2 loading scores are associated with relatively more EMG activity of push muscles in the push phase. Conversely, mean negative PC2 loading scores of the self-selected techniques reconstruct more EMG activity of recovery muscles in the push phase. Increases in muscle activity may or may not be beneficial to propulsion depending upon which muscles are active, the level of activity and the timing and duration of activation. The activity of recovery muscles in the push phase might not be useful for improving propulsive force, because their role is to stabilize the shoulders during wheelchair propulsion [33] .
In this study we show that changes in muscle coordination are associated with stroke techniques with the first seven PCs accounting for 50% of the EMG signal. This implies that the other 50% of the total EMG signal might be varied with the mechanics of the propulsion tasks, inter-subject, and inter-cycle variability and noise from the measurement systems and data collection. It is encouraging to see that PCA resolved functional differences in the coordination patterns that were not detectable using the traditional EMG statistics [34] , [35] . PCA has been applied to kinematic and electromyographic data during gait [36] and cycling [34] . We were able to capture and quantify a more global effect of stroke techniques on the coordination patterns during wheelchair propulsion. We aim to provide wheelchair users with a system that can distinguish well-coordinated patterns from aberrant ones and the ability to communicate this to them in a way that influences their activity positively. Part of the assessment process for the effectiveness of the system is the ability to build a new set of patterns based on experience, and the ability of such a system to collectively draw on the experience of individuals to define commonly effective safe muscle coordination. Before we can achieve this level of sophistication, it is necessary to first have very clear and effective way of evaluating the muscle activity.
In the present study, we adopted the semicircular stroke technique as the technique taught. This technique is recommended by clinical practice guideline based on the results of the study by Boninger et al. [9] . The semicircular technique is used widely in experienced wheelchair users while inexperienced wheelchair users implemented the arcing technique for everyday mobility [37] , [38] . Our results show a favorable effect of the semicircular technique on the wheelchair kinetics and shoulder muscle recruitment patterns in inexperienced able-bodied subjects. However, de Groot et al. reported that the arcing technique may result in greater metabolic efficiency than the semicircular technique [39] . In addition, the semicircular technique was used less during uphill wheelchair propulsion, while the majority of the subjects adopted the arcing technique [40] . Clinical professionals should be aware of the physical environment that the wheelchair users have to cope with, so the proper propulsion techniques are recommended according to the mechanical requirements of the propulsion tasks and specific propulsion environments. In addition, developing a way to monitor the appropriateness of muscle activation patterns with changes in training sessions may be protective, through prevention of shoulder injuries and subsequent pain.
The lack of kinematics data does not allow us to further classify each participant's upper limb motion during wheelchair propulsion. This is an important area to consider in future researches investigating the effect of upper limb range of motion on muscle coordination during wheelchair propulsion. Upper extremity kinematics can give insight into elbow and shoulder function during rehabilitation. Range-of-motion data collected during wheelchair propulsion can aid the researchers and clinicians in evaluating the outcome of rehabilitation. Proper range of motion and muscle coordination that reduce upper limb demand can help wheelchair users reduce their risk of pain.
VI. CONCLUSION
The method chosen for this study showed significant differences in kinetic temporal parameters and the associated muscle recruitment patterns between the two different techniques of propulsion. The short training session in semi-circular propulsion after the inexperienced, able-bodied participants had tried out their self-selected pattern resulted in a noticeable improvement: the push frequency became significantly lower without a significant increase in push force to cover the same distance.
This study examined the effect of these propulsion patterns on the muscle synergies at work. EMG signals were decomposed by a well-defined wavelet analysis, and that allowed us to identify timing and amplitude of individual muscle activity during each propulsion cycle. The subsequent PCA analysis allowed us to quantify muscle coordination patterns during wheelchair propulsion and thus to establish a comparison between the stroke techniques, self-selected versus semicircular. The reconstructed EMG patterns using the first seven PCs showed that when a self-selected pushing technique was used, the recovery muscles, PD, MD, and UT, became prematurely active towards the end of the push phase, whereas in the semicircular pushing mode, the synergistic muscles were recruited in distinct phases and displayed a clearer separation between activities in the push phase and recovery phase muscles. It is thus clear that different propulsion stroke techniques are associated with distinct muscle recruitment patterns. We may thus eventually be able to understand more clearly what role muscle coordination plays in injury etiology and to identify the most desirable muscle coordination patterns.
